A practical method for the qualitative analysis of impaired speech perception was developed based on graphical representations of psychoacoustic proximity among monosyllables.
The psychoacoustic proximity was defined as the degree of ease of confusion among monosyllables for normal ears, and was measured as a confusion matrix among 67 Japanese monosyllables called "chokuon." This matrix was constructed from hearing tests on unclear perception induced by lowering stimulus levels for 26 listeners with normal hearing.
Configuration graphs of the monosyllables where the proximity values were represented by the mutual distances were made from the confusion matrix using a non-metric multi-dimensional scaling method known as SMACOF. Using these graphs, the perceptual failures for the monosyllables on the part of a patient can be simply documented by connecting confused stimuli and corresponding wrong responses. This documentation indicates the abnormality of a patient's failures in terms of discrepancies from the ease of confusion for normal ears. Using two hearing-impaired patients, it was concluded that the analysis of these discrepancies together with the patients' pure tone audiogram provides useful information to know how and why patients fail to perceive certain speech sounds.
INTRODUCTION
The ability of hearing-impaired subjects to recognize speech sounds is usually measured using Speech Discrimination Scores (SDS) established in audiological clinics. Japanese convention defines SDS as the percentage of correctly perceived monosyllables from a group of either 20 or 50 monosyllabic units. The component members of each monosyllabic group were selected and authorized by the Japan Audiological Society. SDS are useful in measuring the degree of defect in speech perception capacity, and representing it as a simple percentage.
SDS are not able to describe how and/or why a subject fails to perceive speech sounds correctly. Other measures must be incorporated into SDS to achieve a qualitative analysis of causation.
In previous papers,1-4) we proposed a new index of Normalized Distance (ND). The ND index indicates whether SDS can be predicted from a subject's pure tone audiogram. Using the ND index, it was found that SDS of subjects with retrocochlear hearing loss tended to be lower than those predicted from pure tone audiograms. In contrast to this was the finding that a great percentage of subjects with innerear or conductive hearing loss have SDS which are in accord with pure tone audiogram predictions.
A quantitative analysis of the relationship between SDS, the loci of lesions, and pure tone audiograms was made in our previous papers. However, qualitative analyses of speech perception confusion are also needed, especially for data from speech audiometry. A sample of this qualitative aspect can be exemplified by the contrasts between /ro/ and /pu/ responses to a /do/ primary stimulus. Both /ro/ and /pu/ are incorrect, but the SDS value assigned to either would be the same. Clearly, there are qualitative contrasts between these incorrect responses ; /do/ to /ro/ has a far greater psychoacoustic proximity than /do/ to /pu/. The ease or unlikelihood of confusion is not addressed in SDS. The percentage resulting from SDS testing is figured as a 2 % or 5 % subtraction for every error dependent upon use of a 50 or 20 monosyllabic stimulus group respectively. A -2 % or score offers little in the way of qualitative assessment, hence, the need for a means of qualitative analyses.
In tests which presented stimuli of unclear quality, it was assumed subject listeners would select the most psychoacoustically proximate option out of several response choices. Graphic depictions and analyses of proximity between monosyllabic stimuli and responses offered a useful means qualitatively expressing normality or abnormality in the perception of speech sounds.
Of the several methods used to describe general proximity, we utilized confusion matrices. Spatial representations of psychoacoustic proximity were constructed from analyses of the confusion matrices through the use of a 
MATERIALS AND METHOD

Auditory Stimuli
Sixty seven monosyllables (Table 1) , each of which could be written using a single Japanese character, were recorded by a female professional announcer. The monosyllabic elements utilized in this study are known in Japanese as "chokuon." Recordings were made using a close-speaking microphone (Sanken CL-201) and a magnetic tape recorder (SONY TC-5550-2) in a sound-proofed room.
The distance from the lips of the speaker to the microphone was approximately 2 cm. Recorded signals were digitized by a 12-bit A/D converter at a sampling rate of 20 kHz. The results were stored in a computer (PDP 11/40) on a disk. These digitized signals were randomized 9 different ways and re-recorded on a final listening tape through a 12-bit D/A converter at a same sampling rate of 20 kHz. Recording levels were controlled by the computer so as to minimize differences between peak-to-peak levels in the presentation samples.
Presentation Method
The recorded stimuli were presented to 26 listeners aged between 18 and 28 years, all with normal hearing. The presentation was made to the right ear via an audiometer headphone (Rion-AA-34) in a sound proofed room. One set of stimuli was reserved for the establishment of volume levels, and 5 stimulus sets were used for the actual testing of each listener.
Based on the method of limits, the minimum volume level at which the stimuli could be perceived as sounds was determined for each listener using the reserved stimulus set. Actual testing commenced using an initial set of stimuli at 25 dB above the previously established minima. Testing continued with stepwise 5 dB decreases in loudness until a point 5 dB above the minimum was reached.
Thus 5 sets of stimuli were presented in 5 dB increments ranging in loudness from 5 dB to 25 dB above each listener's minimum. Subjects were required to assign one Japanese "katakana" character to each stimulus in a forced choice format with 67 response alternatives.
Matrix Construction and Tabulation
Before the SMACOF analysis, the extent of variation in confusion data among the normal listeners was examined. For different pairs of listeners, correlation coefficients between confusion data were calculated. The maximum correlation coefficient was 0.78, and the minimum one was 0.47. All of the correlation coefficients were significant at the 1 % level. Therefore, the data from all the normal listeners were accumulated to make one confusion matrix. Figure 1 (a) presents the format of all the responses. The 67 monosyllables at the ordinate of the matrix represent given stimuli, and the 67 monosyllables at the abscissa represent responses. The numeric value of each data point in Fig. 1 (a) represents the total number of times that repsonse was selected from all the listeners' responses. The diagonal gap is a reference for those responses which were correct perceptions. Errors in perception are scattered off the diagonal to either side. The maximum numeric value for any data point is 130 units, figured as 26 listeners times 5 sets of stimuli. This matrix represents the psychoacoustic proximity between the stimuli and the responses. The matrix is, however, asymmetrical in regards to stimulus/response and response/stimulus balance. For example, the number of /pi/ responses to the /ri/ stimulus differs from the number of /ri/ responses to the /pi/ stimulus. Asymmetrical confusion matrices occur frequently in speech audiometry. This phenomenon may indicate that psychoacoustic proximity between monosyllables possesses directional characteristics.
Multi-dimensional scaling analysis is commonly used as a method of conversion to multi-dimensional coordinate representations for stimulus/response data resultant from symmetric presentations of psychoacoustic proximity. The matrix tabulated here was initially immune to multi-dimensional analysis due to asymmetry.
To overcome this obstacle, a symmetrical presentation of the data had to be constructed. Using the diagonal line as a median, symmetry was established through the addition of corresponding data point values on either side of the median, i.e., /pi/-/ri/ plus /ri/-/pi/ as per Fig. 1 (b) . By this means a new, symmetrical matrix, labeled Matrix C, could be constructed. With the construction of symmetrical data presentations from the previously asymmetrical matrix, application of multi-dimensional scaling methods was made possible.
Based on a careful visual inspection for Matrix C, it was found that the perceptual confusion among the monosyllables could be classified into five groups depending upon their vowel nuclei. To investigate differences among the groups, five subsets of Matrix C, each of which contained data for only one syllabic nucleus, i.e., /a/, /i/, /u/, /e/, and /o/, were made. These were labeled with corresponding subscripts, i.e., Ca, Ci, Cu, Ce, and Cu . consonants seemed to be more easily confused than vowels when listened to at levels too low for the stimuli to be clearly perceived as speech sounds.
Proximity between Monosyllables with Com-
mon Nuclei All monosyllables were divided into 5 groups according to syllabic nuclei as shown in Fig. 4 . In the graph, data point configurations differ as per common vowel base. To investigate these differences, analyses were conducted on all the individual subsets of Matrix C. These subsets contain only data from monosyllables having common syllabic nuclei.
The analytic product of Matrix Ca is shown in Fig.  5 (a) . The analytic product of Matrix C, is shown in Fig. 5 (b) . In these figures, the coordinate graduation is determined in the same way as Fig. 4 . Configurations differ greatly between these 2 figures. In Fig.  5 (a) , monosyllables with voiced consonants are separated from those with unvoiced consonants by the reference line "S." In contrast to Fig. 5 (a) , the monosyllables in Fig. 5 3.4 Confusion Analyses in Hearing-impaired Patients The primary focus of this study was the systematic analysis of failures in the speech perception of hearing-impaired patients.
Using the configuration graphs of the monosyllables described above, it is possible to document patients' failures and analyze them in terms of discrepancies from the ease of confusion for normal ears.
Related to this end, the results of 2 individual cases were examined. Case 1 was a subject with inner-ear hearing impairment. Case 2 was an individual with retrocochlear hearing loss. Figure 6 shows the pure tone audiograms for both Case 1 and Case 2 subjects. The pure tone audiogram of Case 1 suggests the loss of large amounts of information within the high frequency range. That of Case 2 appears far flatter. The speech discrimination test authorized by the Japan Audiological Society was used for these subjects. According to this clinical or practical method, each monosyllable was presented only once for each subject. Confused stimuli and responses were recorded at the clearest perceptual level for each patient. Then these stimuli and responses were superimposed on Fig. 4 using vectors to connect them as shown in Figs. 7 and 8 . The initial data points of these vectors resulted from the confused monosyllabic stimuli. Terminal data points indicate incorrect responses. The vectors which have no terminal data points show that no response was given for the stimuli. The use of these vectors provides a simple way to document the perceptual failures of the patients in a visual form.
In Figs. 7 (a) and 7 (b), which contain data from Case 1 of Fig. 6 , many vectors seem to have a common orientation, especially in Fig. 7 (a) . As shown in Fig. 7 (b) , no confusion occurred between voiced consonants and unvoiced ones, although several of confusions among consonants with a different place of articulation were observed.
Regarding Case 2, in Fig. 8 (a) , confusion occurred mainly within the same monosyllabic nuclei groups. Even within the monosyllables with the vowel nucleus /al, as shown in Fig. 8 (b) , confusion occurred only among very proximate consonants compared to Fig. 7 (b) . From this information, we can say that confusion is apparently restricted to psychoacoustically proximate groups. This indicates that the confusion of Case 2 occurs in a way very similar to that of subjects with normal hearing when perceiving very soft sound stimuli.
As shown in Figs. 7 (a) and 8 (a), confusion among the monosyllables with the vowel nucleus /i/ was very rare for both cases. 4 . DISCUSSION 4.1 Methods of Measuring Psychoacoustic Proximity A prerequisite for the measurement of psychoacoustic proximity for monosyllables, especially when employing multi-dimensional scaling methods, is the creation of a considerable amount of listening confusion. The methodology of confusion production can, however, greatly alter analytic results established by multi-dimensional scaling methods. Often, researchers such as Miller and Nicely,7) or Mitchell and Singh,8) have used distorted speech sounds created by filters or additional noise overlays to produce confusion for normal-hearing listeners. Other researchers9) have used natural speech sounds for hearing-impaired subjects to measure confusion.
The use of filtered speech sounds requires many specific parameters, such as cut-off frequencies and filter frequency characteristics. Thus, different methodologies of confusion creation via filters will produce assorted representations of proximity depending on the parameters used. Such representations can be useful, for example, to investigate relationships between the frequency characteristics of speech sounds and corresponding elements in perception. The use of noisy speech sounds also requires many specific parameters, such as frequency characteristics and loudness levels of the added noise. Furthermore, noise can have an uneven perceptual effect upon speech sounds.
For example, discrimination between voiced and unvoiced consonants can be greatly affected by noise interference. Noisy speech sounds may be useful for the investigation of how and why hearing-impaired subjects frequently show low SDS under noisy circumstances. Though qualitative analyses and investigations of either filter or noise interference are not the subject of this study, the conditions they impose upon other analyses had to be taken into account in preliminary considerations of methodologies.
Finally, the use of low stimulus levels can have an uneven effect upon speech sounds. Vowel sounds are usually easily perceived though consonants may be greatly modified.
The division of monosyllables into 5 groups, as 203 per Fig. 4 , might be the product of low levels of loudness. Thus, it should be noted that the psychoacoustic proximity represented in this experiment inherently contain the limitations caused by low loudness levels. Expectedly, this sort of proximity measuring can be useful in descriptions of speech perception under a lack of intense sensitivity which can occur for any kind of hearing impairment. Considerations in the definition of normal-hearing subjects were consistent with the effort at a systematic description of discrepancies in speech sound perception between hearing-impaired subjects and normal-hearing subjects via spatial representations of proximity.
Clearly, normal-hearing listeners must be from a relatively homogeneous population and possess normal standards of hearing quality. In addition, a singular data representation of proximity is superior to various and assorted presentations of data dependent on extraordinary parameters. In consideration of all the above, very low loudness levels of speech sounds were utilized to cause normal-hearing listeners considerable confusion.
Normal-hearing subjects were used in our experiments in consideration of the individual character of the various handicaps of hearing-impaired subjects. Due to this variation, the hearing-impaired subject can not be considered a member of a homogeneous population insofar as this study is concerned.
Qualitative Correspondence between Confusion
Matrices and Spatial Representations of Proximity Spatial configurations of the monosyllables were calculated for 1 to 5 dimensional SMACOF solutions. The stress plottings shown in Figs. 2 and 3 should offer a non-linear "elbow" at the optimal number of dimensions, if such a number exists. No such elbow was observed in these figures. The stress shown in Fig. 3 was smaller than that of Fig. 2 . The stress in Fig. 2 remained greater than 0.1 even in calculations carried out to 5 dimensions.
On the contrary, the stress values in Fig. 3 were under 0.1 for the 4 and 5 dimensional solutions. Since Fig. 4 contains all the possible combinations of the 67 monosyllables, this discrepancy initially seemed aberrant to, perhaps, a considerable degree. Presently we have no concrete reason for this manifestation, although it might be due to the use of very low stimulus levels.
Characteristic confusion within monosyllables which have the same syllabic nucleus is illustrated in Figs. 5 (a) and 5 (b) . The differences between these 2 graphs indicate that confusion of consonant sounds is greatly affected by successive vowel sounds, or, syllabic nuclei. Voiced consonants followed by /i/ tend to be more proximate to their unvoiced counterparts, as shown in Fig. 5 (b) . Voiced and unvoiced counterparts cluster into groups. Clustering also occurs where the position and manner of articulation are similar. Figure 5 (a) strongly contrasts with this by showing consonants followed by /a/ forming small groups according to position of articulation. The clusters of Fig. 5 (a) can be separated into 2 major sub-groups of voiced and unvoiced consonants. Thus, syllabic nuclei can alter the resultant proximity between consonants which precede them. 
Analyses of Speech Perception in Hearing-
impaired Subjects A function of this study was, by extrapolation, to extend these results to cases of hearing impairment for systematic analysis of speech sound failure. Two cases were reviewed in this light.
The SDS of Case 1 was 60 %. The pure tone audiogram (Fig. 6 ) and proximity vector presentation (Figs. 7 (a) and 7 (b) ) seem to indicate the manner of confusion. Large amounts of information loss at high frequencies (Fig. 6 ) may be directly related to confusions between monosyllables with different vowel nuclei (Fig. 7 (a) ), and also confusions between consonants with a different place of articulation ( Fig.  7 (b) ). Furthermore, the fact that there is no confusion between voiced and unvoiced consonants (Figs.  7 (a) and 7 (b) ) may indicate that information at low frequencies is perceived correctly. As second formant information was lost, confusion tended to occur among syllabic nuclei groups. And when information at high frequencies was lost, confusion tended to occur among consonants with a different place or manner of articulation.
The SDS of Case 2 was 66 %. In contrast, confusion was restricted to the same syllabic nuclei groups ( Fig. 8 (a) ), and within rather proximate consonants (Fig. 8 (b) ). Since the pure tone audiogram is almost flat, specific formant vowel sound information was not lost. This indicates that confusion occurred in a way strikingly similar to that of normal-hearing listeners perceiving very soft stimuli. The SDS, however, being quantitative, could not offer descriptions of qualitative factors for the failure of speech sound perception.
Evidence of hearing abnormality does not manifest itself in the pure tone audiogram for Case 2 (Fig. 6 ). This pure tone audiogram is nearly normal, at least concerning the capacity of speech perception as mentioned in our previous experiments.',4) In these experiments, the average SDS of normal-hearing subjects was measured using speech sounds distorted by an FIR digital filter, which was equivalent to the pure tone audiogram of Case 2, and was found to be 95 %, which was almost normal. In addition to this fact, the loudness level for Case 2's SDS test was set for optimum clarity. Although the hearing condition for Case 2's SDS test was set at the optimum level and his pure tone audiogram was almost normal, confusion occurred in a way strikingly similar to that of normal-hearing listeners perceiving very soft stimuli.
The information loss for Case 2 is not easily explained. It was hypothesized that pathological abnormalities may have been located at a more central level of the hearing system, i.e., in the recognition faculty and not the sensory faculty. 1, 4) As shown above, the failures in speech perception of hearing-impaired patients could have some tendencies which accord with their specific type of hearing dysfunction. Their failures are not necessarily random, and thus these might be good indications of the patients' dysfunctions.
Until now, results from speech audiometry have been thrown away after SDS calculation in audiological clinics. These results are rarely analyzed because of the lack of a method. By using the method described here, the results from speech audiometry can be easily documented. This documentation offers a useful tool to analyze hidden tendencies in the failure of speech perception in a visual form. Because this documentation is based on the psychoacoustic proximity among the monosyllables for normal ears, the analysis of the failures can be done in terms of discrepancies from normal standards and can be described to some extent in terms of phonetic contrasts, such as vowel versus consonant, unvoiced versus voiced consonants and in place or manner of articulation. This method can be used not only for the documentation of changes in a patient's speech perception during audiological treatments, such as the fitting of hearing aids, but also for an analysis of the speech perception itself.
Only two dimensional configurations were used in this paper. This limitation was introduced from a practical viewpoint, because three dimensional configurations, or higher, are very difficult for use in clinics. This limitation would be, however, overcome by the ease of documentation and also by the use of two kinds of configuration, one for the 67 monosyllables and others for the five syllabic groups.
Clearly, the analysis of only 2 cases of hearingimpaired subjects' tests hardly offers a significant statistical platform from which to claim grounds for clinical application.
However, the results of this analysis do suggest a possible trend which may prove to be of clinical value after further research.
CONCLUSIONS
Based on configuration graphs of Japanese monosyllables which represent the psychoacoustic proximity among them for normal ears, a practical method for documentation of the speech perception of hearing-impaired patients was developed. 
